In recent years, gallium oxide nanowires have been used in many scientific disciplines due to their outstanding and unique properties. Several applications have focused on incorporating gallium oxide nanowires in devices to improve their performance and efficiency. These distinctive structures bring new opportunities to several research fields and applications such as optoelectronics, electronics, and chemistry. This chapter provides a basic overview of gallium oxide's properties and the growth process of gallium oxide nanowires, with an emphasis on varied applications and future challenges.
Introduction
In the last few years, interest in the use of wide-bandgap materials in semiconductor devices has grown. Ideally, such materials would be abundant, inexpensive, and easy to fabricate, and have high thermal and chemical stability. However, reducing the size of these materials and the devices that utilize them down to the micro/nanoscale remains a big challenge. Furthermore, manipulating their growth to create more directional nanowires could be useful in several applications. In addition, a limited number of devices such as transistors and sensors are capable of operating at temperatures up to 500°C. Wide-bandgap materials can operate in harsh environmental conditions with high temperature, pressure, mechanical vibration and radiation. Therefore, sensors and electronic devices incorporating these materials are attractive choices for increasing the operating temperature to above 500°C while effectively integrating electronics operating even at 1000°C [1] .
Preliminary studies demonstrate that some robust wide-bandgap materials can enable a number of devices and sensors that can be used in extreme environments [1, 2] . These benefits can Recently, researchers have showed interest in the fabrication of low-dimensional β-Ga 2 O 3 nanowires because of their outstanding properties as compared to bulk structures. The main advantage of β-Ga 2 O 3 nanowires is a higher surface-to-volume ratio, offering more surface states at the interface and thus greater interaction with the surroundings. β-Ga 2 O 3 nanowires can be synthesized using a variety of approaches, and various parameters such as size, length and electronic properties can be controlled during their growth. Recently, a wide array of nanoscale devices such as FETs, gas sensors, photodetectors, and nanophotonic switches have been fabricated using β-Ga 2 O 3 nanowires. These β-Ga 2 O 3 nanowire devices are also popular for diverse applications such as displays [7] , solar cell fabrication [8] , ultraviolet (UV) limiters [9] , and high-temperature gas sensors [10] .
Crystal structure
In 1950, Ga 2 O 3 was observed, and in 1960, its crystal structure was discovered by Geller [7] . β-Ga 2 O 3 is part of the C2/m space group and has a base-centered arrangement with four lattice parameters ( Table 1 
. The crystalline structures that make up the unit cell are octahedral (GaO 6 ) and tetrahedral (GaO 4 ). Along the b-axis, the double-chained GaO 6 octahedra that share edges are connected by single chains of GaO 4 tetrahedra that share vertices. The unit cell consists of three different oxygen ions that are juxtaposed in an irregular cubic array and are close to one another. 2 O 3 Density functional theory (DFT) has been used to calculate the electronic band structure of β-Ga 2 O 3 . β-Ga 2 O 3 has an indirect bandgap of 4.83 eV, with a valence-band maximum (VBM) located at the M point, which is marginally less than the direct bandgap of 4.87 eV detected at the Γ-point, as shown in Figure 3 [11] . Research has confirmed that β-Ga 2 O 3 is an indirect bandgap material, but due to the weakness of the indirect transitions and the small energy difference between indirect and direct gaps, it is effectively a direct bandgap material. Peak absorption occurs around 4.9 eV. Table 1 summarizes the electronic properties of β-Ga 2 O 3 .
Electrical properties

Energy bandgap for Ga
Dopants for Ga 2 O 3
As Ga 2 O 3 is an insulator, it needs to be doped to increase its conductivity. Doping enables control of sheet resistance [12] and facilitates the formation of ohmic contacts. It can also change many properties of a material. For example, it can increase the lattice constant [13] , and change crystallinity [14] and electron mobility [15] . Doping can even be used to tune the optical bandgap [16] and introduce defect levels [17] . It is typically done at the same time nanowires are grown, using methods such as chemical vapor deposition, pulsed laser deposition, and evaporation. Alternatively, dopants can be added directly into the material through ion implantation.
β-Ga 2 O 3 is assumed to be an n-type semiconductor due to its shallow donor oxygen vacancies and ionization energy of 30-40 meV [9] . Its electrical conduction and free carrier concentration can be adjusted by doping it with Si. The effects of oxygen vacancies and other impurities on the electrical and optical properties of Ga 2 O 3 have also been examined [11] . It was found that it cannot be assumed that oxygen vacancies are the main cause for conduction and luminance because Si is the main impurity behind electrical conduction [18] . Furthermore, these oxygen vacancies are deep donors and hence cannot describe the n-type conductivity. Other dopants such as Si, Ge, Sn, F, and Cl behave like shallow donors. In the next sub-section, we describe some dopants and their properties. Table 2 summarizes the materials that have been used as dopants for Ga 2 O 3 and the changes they make to it.
Indium (In)
Indium is one dopant that can be used with Ga 2 O 3 to improve its photoelectrical properties, especially in the context of photodetection [13] . Doping with indium narrows the bandgap, which increases the range of the photoresponse but makes the photodetector less sensitive [18, 29] .
Novel Nanomaterials -Synthesis and Applicationsto UV wavelengths. Doping causes the photocurrent to be much larger than that of undoped devices. This is also true for the ratio of photocurrent to dark current. Indium doping can also reduce rise time and improve spectral responsivity and external quantum efficiency.
Silicon (Si)
Si has also been used to dope Ga 2 O 3 , significantly reducing its resistance after ion implantation of Si atoms and annealing [12] . Si doping also helps in creating an ohmic contact on the surface with Ti and Au. It was seen to increase the rejection ratio, photocurrent, responsivity, and quantum efficiency of a photodetector at high temperatures. γ -Ga 2 O 3 has been doped n-type by ablation of a Ga 2 O 3 :Si ceramic target with laser pulses [19] . In that case, doping capability was independent of crystal structure, and carrier concentration did not vary much with temperature, meaning the Ga 2 O 3 had been degenerately doped.
Tin (Sn)
Ga 2 O 3 has also been doped with Sn to increase its conductivity [14] . Interestingly, when deposition was performed at temperatures above 410°C, doping caused the phase of the Ga 2 O 3 to change from β-Ga 2 O 3 to ε-Ga 2 O 3 . Another method of doping Ga 2 O 3 with Sn is heating SnO 2 powder in a K-cell with ozone as an oxidizer [15] . However, it was observed that as the temperature of the SnO 2 powder was raised, the carrier concentration increased, which lowered electron mobility.
Magnesium (Mg)
Mg is one of a few materials believed to hold promise in making Ga 2 O 3 p-type. Mg-doped Ga 2 O 3 has been deposited into an MOCVD system with a Mg-containing source, and as the Mg concentration was increased from 1-10%, the crystalline quality degraded, with films becoming amorphous [16] . Annealing improved the crystallinity and lowered the resistivity, but the Ga 2 O 3 did not become p-type as expected after doping.
Materials Properties
In • To decrease carrier concentration Ti • To decrease dielectric permittivity
• To increase the optosensitivity
• To reduce leakage current N Doping with N has the potential to make Ga 2 O 3 p-type Table 2 . Some materials have been used as a dopant and their properties.
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Copper (Cu)
Ga 2 O 3 has also been doped with Cu, which reduces the bandgap because CuO has a narrower bandgap than Ga 2 O 3 [17] . The bandgap widens again after annealing. Ga
3+
and Cu 2+ have a similar ionic size (0.073 nm and 0.062 nm, respectively), and copper is a group IB element, so copper has the potential to be a p-type dopant for Ga 2 O 3 . Because Cu has fewer valence electrons than Ga does, there is a lower density of electrons between Cu and O than between Ga and O [20] . After doping, the acceptor impurity level in Ga 2 O 3 is higher than the valence band.
Zinc (Zn)
Zn has potential to be used as a p-type dopant for Ga 2 O 3 as it can add holes to the material after annealing and belongs to group IIB with one fewer valence electron than Ga 2 O 3 [21] . While undoped β-Ga 2 O 3 is clearly n-type, after doping with Zn the conductivity type could not be clearly determined because there were both electrons and holes and their concentrations were approximately equal. High transmittance was observed, indicating that crystalline quality was high. Adding Zn also caused the carrier concentration to drop from 1. , respectively). This gives titanium ions high solubility in Ga 2 O 3 . Inclusion of Ti increases the optosensitivity of samples and reduces leakage current by increasing the activation energy and narrowing the bandgap. , so it can be expected to form shallow acceptor levels [23] , which is significant because the difficulty of forming shallow acceptor levels in Ga 2 O 3 is the main challenge in making it p-type. On doping Ga 2 O 3 with N, the bandgap decreased and the valence band maximum and conduction band maximum met at the same point. The acceptor impurity levels were above the valence band. After Ga 2 O 3 nanowires were doped with N, they exhibited p-type properties [24] . Pt has a larger work function than Ga 2 O 3 and it was used for the metal contacts. When a contact metal has a work function larger than that of the semiconductor, a Schottky barrier is created when the semiconductor is n-type and an ohmic contact is exhibited for a p-type semiconductor. While an undoped Ga 2 O 3 nanowire had an I-V characteristic that was rectifying, a N-doped nanowire had a linear I-V curve. This suggests that doping Ga 2 O 3 with N can make it p-type.
Nitrogen (N)
Optical properties
Absorption of Ga 2 O 3 nanowires
The absorption spectra of Ga 2 O 3 show cutoff absorption edges at around 255-260 nm and slightly around 270 nm [18] . The band at 260 nm was due to the intrinsic band-to-band transition while the one at 270 nm was caused by Ga absorption range (255-260 nm) can be obtained because of the transition from the valence band to the conduction band [25] . The absorption of Ga 2 O 3 is influenced by polarization of incident light [26] . The difference between the absorption edge at 260 and at 270 nm was attained using the transition from the valence band.
Luminescence properties of Ga 2 O 3 nanowires
Ga 2 O 3 can produce four emissions: UV (3.2-3.6 eV), blue (2.8-3.0 eV), green (2.4 eV) [27, 28] and red [29] . Due to its wide bandgap, there are a number of defect states, which cause its different emissions from infrared to UV because its wide bandgap has a number of defect states that are responsible for them. The bandgap of Ga 2 O 3 is known to be 4.8 eV, suggesting that UV emission initiated from the edge of the band is due to free electrons and recombination of self-trapped holes [30] . However, the blue and deep-blue luminescence are caused by the recombination of an electron on a defect donor state formed by oxygen vacancies and a hole on an acceptor state formed by a gallium vacancy or a gallium-oxygen vacancy pair [28, 31] . Green emission could only be achieved when the samples were doped with certain impurities such as Be, Ge, Sn, Li, Zr, and Si [18, 32] . It has been suggested that green luminescence is related to self-trapped or bound excitons [26] . Several studies have been performed on the excitation and photoluminescence of pure and Si-doped β-Ga 2 O 3 single crystals [33] . 
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These studies showed that the spectra characteristic of undoped samples are independent of the excitation and emission wavelengths. However, the Si-doped sample produced a blue emission which was highly related to the excitation and emission wavelengths. Finally, it has been assumed that the red emission is caused by nitrogen impurities [32, 34] .
Thermal properties
Ga 2 O 3 is considered a weak thermal conductor compared to other semiconductors, with a thermal conductivity lower than that of other wide-bandgap materials such as SiC and GaN. Thermal conductivity in Ga 2 O 3 varies depending on crystal direction due to its crystalline anisotropy. Directions with a smaller lattice constant have higher thermal conductivity., Ga 2 O 3 has the highest thermal conductivity along the [010] direction and the lowest along the [100] direction. This has been measured at temperatures between 80 and 495 K (Figure 4) . At high temperatures, thermal transport is primarily dominated by phonon scattering [35] .
Ga 2 O 3 nanowire growth mechanisms
A wide variety of methods have been used to grow Ga 2 O 3 nanowires. These include thermal oxidation [36] , vapor-liquid-solid mechanism [37] , pulsed laser deposition [38] , sputtering [39] , thermal evaporation [40] [41] [42] , molecular beam epitaxy [43] , laser ablation [44] , arc discharge [45] , carbothermal reduction [46] , microwave plasma [47] , metalorganic chemical vapor deposition [48] and the hydrothermal method [49, 50] . Table 3 summarizes the advantages and disadvantages of these methods. Research is ongoing to determine the best method for growing high-quality nanowires at low cost.
Thermal oxidation
Ga 2 O 3 nanowires have been fabricated by oxidizing GaAs in a furnace [36] . At 1050°C and at atmospheric pressure, argon gas was used to grow Ga 2 O 3 nanowires with a nanotextured surface. As the GaAs was heated, it dissociated and the arsenic evaporated, leaving behind a liquid Ga-rich surface which was then oxidized. At high temperatures, Ga 2 O 3 nanowires began to grow. The roughness of the surface was believed to be caused by oxygen-deficiency defects and the difference in crystal structure between GaAs and Ga 2 O 3 .
When β -Ga 2 O 3 nanowires are grown using this method, the material first begins as a thin film before nanowire formation if conditions are favorable. The steps in this process have been clearly described for GaAs oxidation in a furnace [51] . At high temperatures, phase separation of the GaAs occurs, and the constituents decompose. Arsenic diffuses through the substrate and evaporates from the surface, and gallium melts, forming clusters of liquid gallium on the surface. As the clusters form, the arsenic evaporates faster because it is easier for it to dissociate through the clusters than from the surface of the GaAs. Nanowire growth occurs from these clusters. Due to liquid Ga's ability to wet GaAs, the droplets are hemispherical. Oxygen in the chamber reacts with the Ga clusters to form a Ga 2 O 3 thin film, with voids where the As evaporated. As the GaAs is converted into Ga 2 O 3 , Ga is no longer able to wet it, resulting in droplets with large contact angles. The droplets are unable to expand laterally and are thus forced to grow in one dimension, resulting in nanowire growth.
At oxidation temperatures above 750°C, nanowires begin to appear on the surface of Ga 2 O 3 [51] . As the growth temperature is increased, the nanowires increase in length and density. The nanowires grown at 870°C (Figure 5a ) were shorter and less dense than the ones grown at 900 and 942°C (Figure 5b and c). The samples were obtained by heating n-type (111) silicon-doped GaAs. Figure 6 shows SEM images for nanowire growth at temperatures of 900, 1000 and 
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Thermal oxidation Simple and inexpensive Low degree of control over growth Novel Nanomaterials -Synthesis and Applications1015°C. The average lengths of the nanowires were 1-2 μm for 900°C, 1-3 μm for 1000°C, and 2-4 μm for 1015°C. The differences in nanowire length caused by temperature are more apparent in these cross-sections. The nanowires are sharp and have apparently random orientations.
One problem seen with furnace oxidation is buckling and delamination of the Ga 2 O 3 film on the surface, particularly at higher temperatures. This causes the orientation of the nanowires to be more random, as can be seen in Figure 6 . Another problem with growing nanowires using thermal oxidation is that at some temperatures, the surface is not uniformly covered with nanowires but instead contains gallium clusters [51] . Figure 7 shows focused ion beam (FIB) images of these bubbles on the surface that were formed at high temperatures due to the growth mechanism. If a nanowire device is used as a sensor, this means that the effective sensing surface area is reduced. The clusters could also negatively affect the performance of devices in other ways. This method is simple and inexpensive, but it does not allow precise control of nanowire growth, hence their lack of directionality.
Vapor-liquid-solid (VLS) approach
The VLS mechanism (Figure 8 ) is commonly used to grow nanowires. It requires the presence of impurities, which act as catalysts at the sites where nanowires will be grown [29] . The choice of impurity affects the diameter and growth direction of the nanowires and thus is an important growth parameter. Being impurities, the catalysts become part of the material and can interfere with doping. Commonly used catalysts include Au, Ni, and Fe. These catalysts are commonly deposited on the substrate using the sol-gel method [37] . Nanowire growth occurs at the locations where the catalysts are deposited.
Pulsed laser deposition (PLD)
Pulsed laser deposition has been used to grow Ga 2 O 3 nanostructures on α-Al 2 O 3 at 900°C. The nanostructure was doped with Cr by alternating laser pulses to deposit both Ga 2 O 3 and Cr [38] . This resulted in nanowires with a controlled length and diameter. The nanowires had tips larger than their bodies. PLD has a high deposition rate and is a low-cost growth method. There are many parameters involved in optimizing it for a specific process, such as the thickness of the catalyst, sample orientation, pulse intensity and number of pulses, and distance between laser and material, giving good control over the process. PLD produces more defects and dislocations due to the high energies used.
RF (radio frequency) magnetron sputtering
RF magnetron sputtering is another way of growing Ga 2 O 3 nanowires [39] . If doping is needed, Ga 2 O 3 powder can be mixed with the dopant (also in powder form) to form a sputter target. The fact that it produces non-stoichiometric films in an oxygen-deficient atmosphere is important in growing nanowires using Ga seeds. Growth time affects film thickness, which in turn affects the nanowires. The dopant only appears at the tip of the nanowires. Sputtering can be performed at room temperature, is low-cost, and provides good step coverage, but the films produced are not very high-quality because of damage caused during the process. Novel Nanomaterials -Synthesis and Applications
Thermal evaporation
Thermal evaporation has been used to grow Ga 2 O 3 nanowires, mainly for gas-sensing applications [41, 42] at lower temperatures. In both cases, the nanowires were grown using a two-step process involving thermal evaporation and atomic layer deposition. This resulted in a Ga 2 O 3 core and a different material (ZnO and SnO 2 ) as the shell on the outside, which acted as the sensor. The entire structure consisted of Ga 2 O 3 nanowires that were coated with another material on the outside. The addition of the second material improves the performance of the gas sensors as compared to simply using Ga 2 O 3 nanowires, mainly by lowering the temperature at which the sensor can operate. This method of growth is inexpensive and compatible with a wide variety of materials, but the evaporation process often leads to contamination by other substances present in the chamber.
Molecular beam epitaxy (MBE)
Molecular beam epitaxy is another option for growing Ga 2 O 3 . It has used to grow Ga 2 O 3 on sapphire using both a Ga 2 O 3 source and an elemental Ga source [43] . The pressure was less than 5 × 10 −10 torr, and oxygen gas was used to protect the substrate from ions. For the Ga source, Ga was evaporated from an effusion cell through an oxygen plasma, while for the Ga 2 O 3 source, Ga 2 O 3 was evaporated from an iridium crucible with an oxygen plasma to decompose it into Ga 2 O and O 2 . Growth using elemental Ga required high temperatures to completely oxidize the Ga atoms, while with the Ga 2 O 3 source, at lower temperatures, the oxide layer was thicker. Molecular beam epitaxy has also been used to grow Ga 2 O 3 on β-Ga 2 O 3 substrates [15] . The rate of growth was highly dependent on the substrate orientation, with the quickest growth occurring on the (010) and (310) planes and the growth on the (100) plane being very slow. At lower temperatures, surface roughness decreased. Molecular beam epitaxy has a high deposition rate and gives low impurity levels, but requires high temperatures and high vacuum conditions.
Laser ablation
Laser ablation involves the use of a laser on a Ga 2 O 3 target to extract its contents and deposit them onto a substrate. Parameters such as pulse width, pulse power, distance between target and substrate, and the ablation target can all be controlled, giving this method high versatility and control over the material grown. The nanostructures it produces are high-quality but it takes a long time to grow them and it is expensive. For example, it took 5 hours to grow nanowires with diameters between 15 and 50 nm and lengths of several micrometers [52] . When a single nanowire was examined, it was found to be free of dislocations and stacking faults, attesting to the high quality of material that can be grown.
Laser ablation can also be used as part of a two-step process along with solution refluxing to grow Ga 2 O 3 nanowires [53] . This approach allows nanowires to grow at the low temperature of 121°C. Rather than a Ga 2 O 3 target, a high-purity Ga plate was used. While the time spent using the laser was only 20 minutes, the reflux process took a day, and calcination to convert the material grown into Ga 2 O 3 took 18 hours, so this method requires more time to fabricate Ga 2 O 3 nanowires.
Arc discharge
Arc discharge involves applying a direct-current arc voltage across an anode and cathode, both usually made of graphite, in an inert gas. The anode usually has a hole drilled into it to hold powders, which are used to grow the material desired, and the energy of the plasma generated is used to create nanostructures. In one study, the anode was a graphite electrode filled with GaN, graphite, and Ni powders while the cathode was a slightly larger graphite rod [45] . The growth took place in a helium environment. The Ni powder acted as a catalyst for the reaction. Nanostructures were deposited on the cathode, and most of them were nanorods. The nanorods were most commonly oriented in the [111] and [200] directions. Defects such as microtwins and stacking faults were found on some of the nanorods, suggesting that this method of growth does not produce very high-quality nanostructures.
A similar study has been carried out using a mix of Ni and Co powder as the catalyst inside the graphite anode and using a mixture of Ar and O 2 instead of He [54] . The pressure was varied, and it was found that no nanowires were present under 450 torr, suggesting that oxygen gas was necessary for their formation. Furthermore, without the Ni and Co powder there was no nanowire growth either. The nanowires obtained showed twin defects and rough step edges. The surfaces of the nanowires were covered with amorphous layers, and jog defects were also seen. Arc discharge can grow nanowires very quickly, but it produces nanowires that contain many defects.
Carbothermal reduction (CTR)
Carbothermal reduction is a simple method for growing Ga 2 O 3 nanowires that involves mixing Ga 2 O 3 and graphite powder and heating them in a furnace in the presence of a substrate [46] . This process can result in cactus-like nanostructures on the surface of the substrate. These nanostructures were very thin and had small spherical structures at their tips. Dense nanowire growth with a radial distribution was observed all over the surface of the samples. The cactus-like structures varied in diameter from a few micrometers to several tens of micrometers, which is much larger than conventional nanostructures. Nanowires with a vertical orientation were also seen, but their tips were often bent and a few had multiple nanorods with a random orientation at their tips. They were also tapered and had rough surfaces on closer examination. Growth time was correlated with nanowire density, and nanospheres were the first structures to grow on the surface, on top of which nanowires subsequently grew.
In another study, nanowires with lengths of tens of micrometers to hundreds of micrometers were grown using a similar process [29] . Different nanostructures were associated with different growth temperatures and substrates, with nanowires found at 900°C on Si substrates and nanosheets found at 800°C on quartz substrates. These nanosheets were large, with areas in the order of several tens of square micrometers. Their diffraction patterns were similar to that of thin films. When Si substrates were used at 800°C, Ga 2 O 3 nanoribbons were observed. At high temperatures, the nanowires had sawtooth-like structures, which was believed to be due to oxygen deficiencies during growth. Although carbothermal reduction is a simple method for growing Ga 2 O 3 nanostructures and can be used to create a wide variety of structures, there are high levels of carbon impurities in the final material.
Microwave plasma
The microwave plasma method of growing nanowires involves using low-melting metals as a solvent medium for the growth of nanowires [47] . Droplets or thin films of gallium on the substrate cause nucleation of nanowires with high density (>10 11 cm
−2
). This technique was successfully used to grow unique "nanopaintbrushes." A variety of substrates were used with molten gallium and exposed to plasma in a microwave plasma reactor with H 2 , CH 4 , and O 2 . After thin films developed, gallium droplets were added to grow nanowires. Stacking faults were not observed on the nanostructures. Four different nanostructures were seen on different parts of the substrate-nanowires, nanotubes, nanorods, and nanopaintbrushes-and it was suggested that the type of nanostructure formed depended on the initial state of the nuclei on the surface. Hydrogen appeared to etch the nuclei on the surface, preventing them from growing laterally and agglomerating with other nuclei, thus promoting vertical nanowire growth. This method of nanowire growth can produce a wide variety of nanostructures, but use of a plasma is associated with radial nonuniformity.
Metalorganic chemical vapor deposition (MOCVD)
Metalorganic chemical vapor deposition has been used to grow Ga 2 O 3 nanostructures on Si/ SiO 2 and Al 2 O 3 [48] . As in furnace oxidation, nanostructures are only observed above a certain temperature (450°C in this case). The growth process consists of alternating pulses of a Ga precursor and H 2 O and N 2 to purge the chamber. By changing the pulses of H 2 O and using O 2 , the morphology of the nanostructures can be controlled. With a longer pulse of H 2 O, the nanowires were about a micron long and had large particles at their tips. If the water pulse was shortened, the wires would taper from the tip down, being widest at the tip and becoming thinner close to the substrate. At higher deposition temperatures, more nanostructures were observed on the surface. Metalorganic chemical vapor deposition provides relatively fast growth and high-quality films, but it is expensive and requires the use of highly toxic gases.
Hydrothermal Method
Ga 2 O 3 nanowires can be obtained by calcination of gallium oxide hydroxide (GaOOH). This is considered the simplest method for growing β-Ga 2 O 3 [49, 50] . The crystal of GaOOH is obtained when GaN reacts with different alkalis such as NaOH, NH 4 OH, KOH, and Na 2 CO 3 [49] . The GaOOH morphologies were changed into two different crystal structures: rhombohedral crystal (α-Ga 2 O 3 ) and monoclinic crystal (β-Ga 2 O 3 ). The morphologies of the gallium oxide were influenced by changing the temperatures [50] . Figure 9 shows FE-SEM images of the GaOOH nanostructures grown by the hydrothermal method. Different growth temperatures were tried, such as room temperature, 50, 75, and 95°C. Temperature has a significant impact on the growth of gallium oxide. The number of shapes seen and the size of the nanowires increased as the temperature was increased. This growth method can be used at low temperatures. 
Ga2O3 growth substrates
Different substrates have been used to examine and produce low-cost and high-quality nanowires. The next sub-sections provide an overview of the substrates that have been utilized recently for the growth of gallium oxide nanowires. Novel Nanomaterials -Synthesis and Applications
Aluminum oxide (Al 2 O 3 )
Al 2 O 3 is one of the most commonly used materials for Ga 2 O 3 growth. As sapphire is an insulator, this provides electrical isolation for Ga 2 O 3 . However, there is still lattice mismatch between the two materials. Lattice mismatches of 4.2% and 10.7% have been reported [44] . Sapphire is fairly inexpensive and available in different-sized wafers but there are always a few layers of α-Ga 2 O 3 between a sapphire substrate and β-Ga 2 O 3 [55] . It has also been reported that there is dissimilarity between the corundum crystal structure of sapphire and the monoclinic structure of β-Ga 2 O 3 [56] , but α-Ga 2 O 3 has a corundum structure, so it is better-matched [57] .
Gallium Nitride (GaN)
The lattices of GaN and Ga 2 O 3 are well matched, and thus Ga 2 O 3 is also commonly grown on GaN. ε-Ga 2 O 3 keeps its morphology and has a low defect density when grown on GaN [55] . Furthermore, GaN has a wide bandgap, so using it as a substrate means that a photodetector will be less sensitive to longer wavelengths [58] . Both materials also have electron affinities of 4.0 eV, so there is almost no offset in the conduction band when Ga 2 O 3 is grown on top of GaN.
Silicon carbide (SiC)
Depending on the orientation used, lattice mismatch between SiC and Ga 2 O 3 can be fairly high [55] . When ε-Ga 2 O 3 was grown on (001) SiC, morphological and structural disorder was very high, due to the difference between the crystal structures of the two materials, and the Ga 2 O 3 was polycrystalline. Interestingly, in the [111] direction, high-quality Ga 2 O 3 growth was observed. Because it is fairly easy to dope SiC, a p-n junction can be created using SiC as a substrate [59] . Using SiC as a substrate also enables fabrication of vertically structured devices because it is semiconducting.
Gallium oxide (Ga 2 O 3 )
Gallium oxide is also an occasionally used substrate for Ga 2 O 3 growth. Due to the lack of lattice mismatch, high-quality crystal growth is possible [15] . To fully oxidize the gallium sub-oxides during pulsed laser deposition, an oxygen-radical-rich atmosphere is needed [60] . Without oxygen radicals, gallium tends to sublimate and its surfaces tend to be rough. Also, the high cost of Ga 2 O 3 wafers makes them less attractive as a growth substrate.
Magnesium aluminum oxide (MgAl 6 O 10 )
As an alternative to using Al 2 O 3 , it is also possible to grow Ga 2 O 3 on MgAl 6 O 10 . MgAl 6 O 10 has high thermal stability and a lattice mismatch of only 2.9%, less than that of Al 2 O 3 [44] . Chemically, the material is not very different from sapphire. When using MgAl 6 O 10 , several types of point defects in the Ga 2 O 3 were observed, such as oxygen vacancies, interstitial Ga, Ga vacancies, and gallium-oxygen vacancy pairs. When MgAl 6 O 10 is used, the donor band is formed by pairs of gallium vacancies and gallium-oxygen vacancies [61] . 
Magnesium oxide (MgO)
MgO has also been used as a substrate for growing Ga 2 O 3 . It tends to absorb water from the air, which affects the structural properties of the Ga 2 O 3 on top [57] . When Ga 2 O 3 is grown on MgO, it is initially amorphous and requires annealing to achieve good crystallinity [16] . However, this also decreases the bandgap, making the material less sensitive to UV light. The Ga 2 O 3 film is also highly resistive, although it remains n-type due to oxygen vacancies.
Silicon (Si)
Ga 2 O 3 can also be grown on silicon. It has been deposited on (100) Si [57] . A minimum temperature of 600°C was required for crystallization to occur. Because silicon, like silicon carbide, can be easily doped p-type, growing Ga 2 O 3 on Si is an option to make a p-n junction. Ga 2 O 3 grown on (100) Si using molecular beam epitaxy has good crystallinity and produces smooth surfaces [62] .
Contacts for Ga 2 O 3
Contacts to Ga 2 O 3 can be either Schottky or ohmic. To make an ohmic contact, the barrier height of the metal should be low. Gold and titanium are the most commonly used metals for contacts. Metal contacts can be deposited using shadow masks, which involve depositing metal onto the substrate while it is covered by a thin plate with gaps in the desired shape.
Titanium/gold (Ti/Au)
Ti/Au interdigitated electrodes have been deposited on both β-Ga 2 O 3 [63] and chromiumdoped Ga 2 O 3 nanowire thin films [38] . In both cases, a shadow mask was used and the contacts exhibited ohmic behavior. It was suggested that this was due to the abundance of surface states in Ga 2 O 3 , which makes it easy for carriers to tunnel.
Gold (Au)
A shadow mask has been used to deposit Au onto the back of a β-Ga 2 O 3 /Si heterojunction photodetector [62] . The deposition method was radio frequency magnetron sputtering. A Ti/Au contact was also sputtered on top of the β-Ga 2 O 3 . The contacts formed were ohmic. Standard photolithography techniques and liftoff have been used to deposit interdigitated Au electrodes on β-Ga 2 O 3 [64] . Carrier multiplication that occurred in the area under the electrodes resulted in high responsivity and quantum efficiency.
Indium (In)
Thermal evaporation was used to deposit an In electrode on the SnO 2 part of a β-Ga 2 O 3 / SnO 2 heterojunction photodetector [65] . A bilayer of Ti and Au was also deposited on the β-Ga 2 O 3 thin film using evaporation. The I-V curve of the device showed that the contacts were rectifying.
Titanium/aluminum (Ti/Al)
Electron beam evaporation was used to deposit Ti and Al onto the back side of a Ga 2 O 3 photodiode [66] . On the other side of the diode, Schottky contacts of Au were also deposited. These contacts were rectifying. A contact consisting of alternating layers, Ti/Al/Ti/Al, was deposited through an interdigitated shadow mask onto a Ga 2 O 3 photodetector [4] . The contacts were found to be non-ohmic, which was the goal.
Graphene
Graphene electrodes have also been deposited on a β-Ga 2 O 3 /SiC photodetector [67] . The graphene was grown by chemical vapor deposition on Cu and then transferred to the substrate. The graphene was transparent and thus allowed most incident light to reach the contact area.
It also acted as a channel when the electrons and the holes were separated. On the back of the substrate, a Au/Ti electrode was deposited. A device with a gold electrode on top was also fabricated. The device with the graphene electrode showed a larger photoresponse, higher responsivity, larger I light /I dark ratio, and a shorter rise time.
Ga 2 O 3 nanowire applications
Ga 2 O 3 nanowires, nanobelts and nanorods have been extensively studied in recent years. These Ga 2 O 3 nanostructures provide a path to a new generation of devices, but most Ga 2 O 3 nanostructure-based devices are limited to a single nanowire, and the integration of individual devices on a single chip is still a real challenge. Another crucial issue is controlled doping in nanostructures and the formation of high-quality ohmic contacts between nanostructures and electrodes. Therefore, the construction of a device via a simple and cost-effective method is still a great challenge. In spite of these difficulties, various Ga 2 O 3 nanowire applications such as Ga 2 O 3 nanowire-based FETs, gas sensors and UV photodetectors are reported.
UV photodetectors
The spectrum of radiation between 200 and 280 nm is called solar-blind due to the absorption of solar radiation in that spectrum by the ozone layer. Because of this lack of background noise, it is possible to detect very weak signals in this spectrum. In recent years, the need for solarblind UV photodetectors has increased, due to their potential in several applications such as flame detection and missile warning [68] . When photons strike the surface of a UV photodetector, they generate electron-hole pairs. These electron-hole pairs change the conductivity of the material, which shows that light has been detected. For a device to detect signals in the UV spectrum, a material with a wide bandgap should be used. It is important that the material detect UV light but is not affected by light from other parts of the optical spectrum.
Photomultiplier tubes are used for UV detection in the solar-blind region, but they have several problems. They are bulky, require high bias voltages, and have high leakage current. Siliconbased photodiodes are also used, but due to their narrow bandgap, they require additional filters to block light from unwanted parts of the optical spectrum. Wide-bandgap materials are preferred for use in solar-blind UV photodetectors because they are transparent to deep UV. Of the different materials available, Ga 2 O 3 is particularly promising because of its wide bandgap of 4.9 eV, high melting point, and chemical stability.
Types of photodetector structures
Many different types of photodetectors can be made. Photoconductors, MSM photodiodes, Schottky diodes, p-n junctions, p-i-n junctions, and avalanche photodiodes have all been fabricated with Ga 2 O 3 .
Photoconductors
A photoconductor is basically a radiation-sensitive resistor. When a photon with more energy than the bandgap of the material is absorbed, an electron-hole pair is formed, which makes the material more conductive [69] . Photoconductors have a few key advantages, such as high internal gain at room temperature, large photoresponsivity, and lack of a need for amplifying equipment. They are also compatible with planar IC technologies [70] , so it is not difficult to integrate them with other devices on a chip. However, a photoconductor has strong persistent photoconductivity, meaning that photocurrent persists even after removal of illumination [71] . In addition, the response speed is very slow, and the responsivity depends on the amount of time it is kept in the dark. It is not possible for a photoconductor to operate at zero bias, meaning that it consumes more power. Photoconductors also exhibit sublinear behavior for incident power [72] and poor contrast between UV and visible light.
MSM photodiode
MSM (metal-semiconductor-metal) photodiodes are a commonly used structure for Ga 2 O 3 photodetectors. They consist of two back-to-back Schottky diodes with an interdigitated electrode on top of an active light-collecting region [69] . An MSM photodiode has fast operation due to a low capacitance per unit area. The speed of the device is limited by transit time rather than by RC time constant. Using electron beam lithography, electrode width and spacing can be made very small, improving the speed of the device. The device also has a simple structure that is easy to fabricate and integrate. However, there is intrinsic low responsivity due to the interdigitated electrodes covering the active region.
MSM photodiodes have high gain and are easy to integrate with read-out circuitry [73] . The interdigitated electrodes need to be close together to maintain device performance, but this lowers responsivity because it blocks part of the incoming light. It is also possible to illuminate the device from the back, but this makes fabrication much harder. Fabrication of an MSM photodiode requires only a single photolithography step [74] because it only needs a single active layer of dopants. The fabrication process is compatible with that of FETs, but fine feature sizes are required. It is difficult to reliably control the metal-semiconductor interface, and the reflection of light from surface metals is a problem. It is possible to make the dark current in an MSM photodiode very low [72] . The photoresponse is linear with optical power. There is good contrast between the visible and the UV spectrum, and the bandwidth is wide. However, noise is a significant problem [71] and the material has high resistivity [75] .
Schottky photodiode
A Schottky diode consists of a metal layer in contact with a semiconductor layer that exhibits rectifying behavior due to the difference in the work function between the two layers [69] . It has high quantum efficiency, high response speed, and low dark current and exhibits good contrast between UV and visible light. A Schottky diode can operate at zero bias, and doping levels are important for controlling barrier height. Unlike photoconductors, Schottky diodes have a very low persistent photoconductivity [71] . However, a lack of uniformity in metal films leads to large leakage currents, and external quantum efficiency is reduced by transparent Schottky contacts. A back-illuminated Schottky contact does not have this problem, but those devices are more difficult to fabricate. Schottky diodes have a constant responsivity for excitations above the bandgap, independent of power and temperature [72] , and the time response is limited by the RC time constant. They have some limitations. For example, the maximum responsivity is limited by reflection in the transparent top contact [75] . The leakage current of the contacts is strongly dependent on the Schottky barrier height, with a higher barrier corresponding to lower leakage current. Defects will also result in a large leakage current.
p-n photodiode
A p-n photodiode is a p-n diode made with materials that allow light to penetrate the p-n junction [69] . It has a fast response speed and low dark current, and can operate without an applied bias, so it consumes less power. The photoresponse is also linear with optical power [72] . For Ga 2 O 3 devices, there is good rejection of light from the visible spectrum. The time response is limited by p-doping. A p-n photodiode can be either a homojunction, with both sides made of the same material, or a heterojunction, with different materials. Due to the difficulty of making p-type Ga 2 O 3 , only heterojunction photodiodes have been made, with materials such as Si [62] and SiC [59] used on the p side. With heterojunctions, it is possible to tune the bandgap of each material.
p-i-n photodiode
p-i-n photodiodes are similar to p-n photodiodes, except for the addition of an intrinsic layer between the p and n materials. In a p-i-n junction photodiode, absorbed photons generate electron-hole pairs, which are collected by the n and p layers due to the reverse bias. Carriers generated in the junction experience a high electric field and are separated rapidly, giving the detector a fast response [75] . The addition of an intrinsic layer improves absorption and increases the quantum efficiency. To reduce the capacitance, the thickness of the intrinsic layer can be increased. However, a thicker intrinsic layer increases the transit time [74] . The junctions are critical to device performance, because if recombination occurs in the junctions, device performance is degraded. There is a good UV-to-visible rejection ratio, sharp spectral responsivity cutoff, and fast response time.
Avalanche photodiode
An avalanche photodiode operates at high speeds and multiplies photocurrent internally, resulting in high sensitivity. Above the breakdown voltage, electron-hole pairs are accelerated by a large applied field, causing impact ionization. The avalanche effect also amplifies noise. The gain changes with temperature as well as applied bias. Because large voltages are applied, the device consumes large amounts of power. There is no persistent photoconductivity [65] and the quantum efficiency is high. The detectivity and selectivity are also high, and the response and decay times are fast. An avalanche photodiode requires less chip area compared to other type of photodetectors [70] , has high gain, and can operate with a high bandwidth. Its fabrication is also compatible with IC fabrication technology. There are uniform junction regions to handle high applied fields [75] . The thickness of the multiplication layer affects the electric field profile and spectral response.
Ga 2 O 3 nanowire-based field ionization
The high aspect ratio of Ga 2 O 3 nanowires gives them potential to be used as field emission devices [76, 77] . For this application, it is desirable for the material to exhibit emission at a low electric field and remain stable at high current densities [51] . The field enhancement factor is also an important figure of merit for determining whether a material is suitable for field emission. If a nanowire with a sharp tip and a high aspect ratio is used, there is a large electric field at the tip, which reduces the potential barrier for field emission and increases the field emission current. Ga 2 O 3 nanowires with ultra-sharp tips 3.5 nm in radius (Figure 10 ) have been fabricated [51] , demonstrating that Ga 2 O 3 has potential in this area. In fact, the field emission characteristics of turn-on field, threshold electric field, and geometrical field enhancement factor of these nanowires were comparable to those of diamond nanostructures and single-wall carbon nanotubes. Novel Nanomaterials -Synthesis and Applications
Ga 2 O 3 FETs
A single Ga 2 O 3 nanowire-based FET has been fabricated to measure the electrical properties of the as-grown nanowires [77, 78] . The device was fabricated on a silicon dioxide (SiO 2 ) film on top of an n-type silicon (Si) wafer with parallel pairs of Au contacts. These parallel Au electrodes acted as the source and drain, and an n-type Si layer served as the back gate. The Ga 2 O 3 nanowires were first dispersed in ethanol, and then dried onto an n-type silicon chip. It was found that the conductance increased as the back-gate voltage increased. This suggests that the Ga 2 O 3 nanowires had n-type characteristics, likely due to the presence of oxygen vacancies and extra gallium atoms in the lattice. [5, 79, 80] . β-Ga 2 O 3 appears to be an insulating material at room temperature; however, at high temperatures, it behaves as an n-type material and its conductance is greatly affected by its surroundings. To fabricate a gas sensor, Ga 2 O 3 nanowires have been grown using the VLS method [80] . The developed sensor was cheap, easily fabricated and able to detect various chemical constituents at room temperature. As the target chemical substance approaches the nanowires, the gas may be physically adsorbed onto defects on the surface of the nanowire. This changes the dielectric constant of the nanowires, and the device detects the change in capacitance. As the concentration of the gas increases, the capacitance also increases. Because this sensor does not require an external heat source to recover quickly, it can operate at low power.
Photoelectrical generation of hydrogen
Ga 2 O 3 nanowires show promise as a photocatalyst for splitting water into hydrogen and oxygen [81] . Efficiency was measured as 0.906%, much higher than the 0.581% efficiency of GaN thin films used for the same purpose. Ga 2 O 3 is particularly attractive because of the tunability of its optoelectronic properties through doping and alloying, and enhancement of photoelectrochemical efficiency due to the presence of defect bands. However, when the nanowires were grown using a GaN substrate at high temperatures, an interfacial layer was observed between the nanowires and the GaN. This interfacial layer degraded the photoelectrochemical performance of the nanowires. Because the coverage of the substrate with nanowires is not complete, the substrate also contributes to the photoelectrochemical process.
Challenges & future perspectives
β-Ga 2 O 3 nanowires have unique properties that distinguish them from other semiconductors. For instance, these nanowires have a wide bandgap and high chemical and thermal stability. Thus, Ga 2 O 3 could be excellent for nanodevice applications in the future. However, a number of challenges associated with Ga 2 O 3 still exist and need to be addressed. 
Dopants
One issue is the introduction of specific dopants to enhance the electrical properties of nanowires. Specifically, a dopant that can reliably make Ga 2 O 3 p-type needs to be found. More investigation is also required to evaluate the unintentional doping of Ga 2 O 3 nanowires during their growth. The influence of these impurities on device performance also requires further study. Some procedural challenges for the growth of Ga 2 O 3 nanowires also need to be solved. For instance, more directional Ga 2 O 3 nanowire growth is highly desirable and the nanowires should also be more uniform in size and length. Finally, techniques to pattern and etch the Ga 2 O 3 nanowires would be highly valuable.
Contacts
Different metals have been tested as contacts in Ga 2 O 3 devices including titanium/gold, gold, indium, and graphene. These contacts are a key component in the performance of nanowire devices. Thus, more investigation into the ideal materials for ohmic and Schottky contacts in Ga 2 O 3 nanowire devices is required. Integrating particular components of these nanowire devices to build a complete system at low cost is still a challenge. Research should also be performed on ways to improve carrier mobility and reduce contact resistance at the device level, and to lower costs to enable large-scale production.
Growth techniques
More research is required to identify the different factors that influence Ga 2 O 3 nanowire growth and how these affect their optical, structural, thermal and electrical properties. Lattice mismatch needs to be taken into account when selecting a substrate for nanowire growth. High-quality fabrication at low cost for Ga 2 O 3 nanowire growth is needed to make various nanowire devices such as FETs and UV photodetectors more attractive. The growth techniques for Ga 2 O 3 nanowires should also be more closely examined to see if they can be improved on. Currently, different techniques such as molecular bean epitaxy (MBE), pulsed laser deposition (PLD), metal-organic chemical vapor deposition (MOCVD) and the hydrothermal method show promise in growing vertical Ga 2 O 3 nanowires with high precision and control. Because Ga 2 O 3 nanowires are a new material that has only recently been used in devices, integration of these devices with other devices on a chip is still necessary.
Conclusions
Ga 2 O 3 nanowires exhibit unique electrical, thermal and optical properties that make them particularly attractive for use in future devices in sensing and optical applications. Using nanowires improves on the performance of thin films. These nanowires have a high surface-tovolume ratio, for high detection sensitivity. From a materials point of view, the wide bandgap of Ga 2 O 3 also makes it less sensitive to visible light than other wide-bandgap materials such as GaN and SiC and allows it to handle higher power and temperatures. Thus, Ga 2 O 3 nanowires are expected to play a key role in devices of the next generation.
